Magnetism, superconductivity and coupling in cuprate heterostructures probed by 

low-energy muon-spin rotation 
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We present a low-energy muon-spin-rotation study of the magnetic and superconducting prop- 
erties of YBa2Cu307-i/PrBa2Cu307_« trilayer and bilayer heterostructures. By determining the 
magnetic-field profiles throughout these structures we show that a finite superfiuid density can 
be induced in otherwise semiconducting PrBa2Cu307_« layers when juxtaposed to YBa2Cu307_«5 
"electrodes" while the intrinsic antiferromagnetic order is unaffected. 

PACS numbers: 74.45. +c, 74.72.-h, 76.75.+i 



I. INTRODUCTION 



For more than two decades cuprate thin-film- 
heterostructure junctions have been studied in order 
to use them as possible Josephson devices but also 
to elucidate the transport mechanisms in the various 
layers. One of the most peculiar barrier materials 
is PrBa2Cu307_«5 which depending on the preparation 
shows a large diversity in its transport properties. A 
large amount of data has been collected on junctions com- 
posed of one high-temperature-superconducting (HTS) 
YBa2Cu307_,5 (YBCO) electrode (and either another 
YBCO or a Au counter-electrode) and an isostructural 
but "semiconducting" PrBa2Cu307_,5 (PBCO) barrier 
layer* 1 - - — The efforts have concentrated on the fabrica- 
tion and characterization of a,6-axis oriented junctions. 
Depending on the preparation, PBCO barriers display 
a large variety of transport characteristics. On the one 
hand, metallic layers with normal-state coherence length 
£ n ranging from 5 nm up to 30 nm have been reportedi 1 - - — 
On the other hand, insulating layers without 4 " or with 
contributions of resonant tunneling through a few local- 
ized states with a localization length of the order of 1 nm 
to 3 nmi- have also been found. The enhanced quasi- 
particle transport through insulating layers with thick- 
nesses of the order of a few tens of nanometers has been 
explained by a "long-range proximity effect" emerging 
from resonant tunnelin g 15 ' 16 or by an alternative scenario 
in which small CuO-chain-ordered conducting segments 
serve as negative-?/ centers with attractive Cooper-pair 
interaction. 17 Eventually, it has been shown that the 
CuO chains are metallic in structurally ordered PBCO 
films 1 ^ and that variable-range hopping (VRH) as ob- 
served in insulating bulk PBCO 19 dominates the in-plane 
transport of oxygen-deficient heterostructures.— ~— 
Junctions with c-axis orientation have been studied to 
lesser extent. In this orientation the PBCO barrier lay- 



ers are mostly found to be insulating and show hopping 
conduction of quasiparticles through a small number of 
localized states! 11 ' 12 However, it has also been argued 
that an improvement of the film morphology and of the 
interfaces leads to a metallic behavior with £ n = 4 nmi^ 
and that metallicity in PBCO on about the same length 
scale might be induced due to the proximity to the YBCO 
electrodes 

Superlattice structures consisting of thin layers of super- 
conducting YBCO separated by insulating or "semicon- 
ducting" layers of either PBCO or Yi_ K Pr 2: Ba2Cu307_5 
have received great attention — e. g. for investigations of 
dimensional effects in ultrathin superconducting layers 20 
or of the interlayer coupling which has been found to be 
surprisingly large^l An extensive review on such studies 
can be found in Ref . 

More recently, HTS Josephson devices regained interest 
through the reports of the so-called "giant proximity ef- 
fect" and "giant magneto-oscillations" in junctions with 
barriers in the pseudogap 23 ' 24 or antiferromagnetic (AF) 
stated respectively. 

In this article we report on experiments involving o 
axis oriented YBCO/PBCO trilayer and bilayer thin-film 
heterostructures studied by low-energy muon-spin rota- 
tion (LE-/iSR), a local technique which allows to obtain 
depth- and layer-resolved information on the supercon- 
ductive and magnetic properties throughout the struc- 
tures. We show that layers of PBCO with a thickness 
of a few tens of nanometers are able to transmit super- 
currents when juxtaposed to YBCO layers, while the in- 
trinsic AF order in the Cu02 planes is hardly disturbed. 
However, this induced superconductivity is suppressed by 
the application of a moderate magnetic field. 
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TABLE I. Thin-film YBCO/PBCO heterostructures studied 
by LE-/iSR. The constituents are indicated starting from the 
vacuum interface. 



10 3 



thin 
film 



constituents 



layer thick- T c growth 
ness (nm) (K) 



SL Y Au/YBCO 4/200 

SL Pr Au/PBCO 4/45 

TL Au/YBCO/PBCO/YBCO 4/70/45/75 



BL 
BL 



Y/Pr 
Pr/Y 



YBCO/PBCO 
PBCO/YBCO 



70/75 
70/75 



8(5 



86 



MS 
MS 
MS 
MS 
PLD 



II. SAMPLE PREPARATION AND 
CHARACTERIZATION 



The c-axis oriented YBCO/PBCO heterostructures 
with S = 0.15(5) were grown on 10 x 10 x 0.5 mm 3 SrTiOs 
(100) substrates by off-axis rf magnetron sputtering (MS) 
and by pulsed laser deposition (PLD). Typical parame- 
ters for the MS deposition can be found in Ref. |2g. The 
PLD uses a KrF excimer laser with 25 ns pulse length 
and a central wavelength of 248 nm; the fiuence on stoi- 
chiometric pressed targets is 2.5 J /cm 2 . During the film 
growth the substrate was heated to 800 °C in an oxygen 
atmosphere with a pressure of 0.34 mbar. After deposi- 
tion the oxygen pressure was increased to 1 bar at 700 °C 
before the temperature was lowered to 450 °C, where the 
films were annealed in-situ for one hour. After removal 
from the growth chamber every film was annealed ex-situ 
at 450 °C for ten hours in flowing oxygen. The single- 
layer (SL), trilayer (TL), and bilayer (BL) thin films used 
for this study are listed in Tab.|TJ The gold capping layers 
of the first three samples serve for surface-passivation and 
protection purposes. The single-layer films SLy and SLp r 
are mainly used as reference samples for the heterostruc- 
tures. In order to enhance the signal to background ratio 
for each of the samples the LE-^SR experiments have 
been conducted with four films of nominally the same 
composition. 

The c-axis orientation of the films has been confirmed 
by X-ray-diffraction measurements. The thicknesses of 
the layers (cf. Tab. A} have been determined within 
~ 3 nm for the MS films and within ~ 5 nm for the 
PLD films by Rutherford backscattering spectrometry^ 
at the PSI/ETH Laboratory for Ion-Beam Physics. The 
rms surface roughness of the films measured by atomic- 
force microscopy is typically < 5 nm. The critical tem- 
peratures of the films obtained by in-plane-resistivity 
measurements are T c « 86 K for SLy as well as for 
BL Y /pr and T c w 88 K for TL and BL Pr/Y . The width 
of the transitions and the scattering among nominally 
identical samples is < 2 K. As shown in Fig. [1] the 
SLp r samples show no superconducting transition but the 
typical 19 two-dimensional (2D) VRH in-plane resistivity 

between 5 K and 100 K: p(T) = p cxp [(T /T) 1/3 

where T = 11097 K and p = 4.64 x 10~ 4 ft cm. 
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FIG. 1. (Color online) Temperature dependence of the re- 
sistivity of the SLp r reference sample. SLp r shows semicon- 
ducting 2D VRH behavior (measured on a film without Au 
capping layer). The solid red line in the inset is a fit between 
5 K and 100 K using the 2D VRH formula given in the text. 



III. EXPERIMENTAL TECHNIQUE 

The LE-/iSR experiments have been performed at 
the pEA beam line at PSI. 28 Spin-polarized positively 
charged muons with a tuneable kinetic energy up to 
30 keV are implanted into a sample and thermalizc. 
The spins interact with their local environment until 
the muons decay (t m = 2.197 p,s)^ and emit the de- 
cay positrons preferentially in the direction of the muon 
spin at the time of decay. Thus, by detecting the muons 
at their implantation time and the positrons after the 
decay the temporal evolution of the muon-spin polariza- 
tion (proportional to the decay asymmetry) in a sample 
can be measured to obtain information about the local 
environment of the muons. For instance in a static lo- 
cal magnetic field B\ oc with a non-zero component per- 
pendicular to the spins S M the muon spins undergo a 
Larmor precession with a frequency u = 7 M -Bi oc , where 
7 M = 2ir x 135.54 MHz/T is the gyromagnetic ratio of 
the muon. More information on /iSR techniques in gen- 
eral and LE-/iSR in particular can be found in Refs. 30 
and [3l|, respectively. LE-/xSR allows a depth-resolved 
determination of local magnetic fields and field distribu- 
tions beneath surfaces as well as in thin films and the 
different layers of heterostructures! 32 ' 33 



IV. MAGNETIC PROPERTIES — 
MEASUREMENTS 



ZERO-FIELD 



In order to characterize the magnetic state of the 
PBCO layers, zero-field (ZF) LE-/iSR experiments have 
been performed. In each case the muon implantation en- 
ergies have been chosen adequately, so that according to 
TRIM.SP simulations 34 most of the particles stop in the 
PBCO layer of each heterostructure. The used energies 
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FIG. 2. (Color online) Selected normalized muon implanta- 
tion profiles for the TL heterostructure obtained by TRIM.SP 
simulations. The dashed lines indicate the boundaries be- 
tween the different layers of the film. The leftmost and right- 
most interfaces represent the boundaries of the heterostruc- 
ture to the Au top layer and the SrTiOa substrate, respec- 
tively. 



and corresponding stopping fractions are summarized in 
Tab. HH Selected muon stopping profiles for the trilayer 
structure are depicted in Fig. [5] Figure [3] shows ZF 
asymmetry spectra of the different thin films at about 
T = 100 K. A spontaneous muon-spin precession caused 
by the AF order of the planar Cu moments is observed. 
The Larmor frequency is close to that observed in powder 
samples The larger damping of the precession signal 
[cf. Fig. SJb)] and the fast depolarization at early times 
(SLp r and TL) reflect a higher degree of disorder and 
strain in the films as compared to the powder; this leads 
to an overall broader field distribution at the muon site. 
To analyze the data quantitatively it has to be taken into 
account that the films are grown with the c axis oriented 
perpendicular to the large substrate face. Therefore, the 
magnetic fields detected by the muons are not randomly 
oriented as in the case of the powder samples but mainly 
point in the direction perpendicular to the film surface 
and to the muon spins- 3 - Hence, the model function fitted 
to the data is the following: 

A (t) =A a mag! i cos {jfj,B Z Ft + f) exp {-A T t) 

+ a m ag,oexp (-A t) (1) 
+ (1 - a m ag4 - a m a g ,o) exp (-A D t) 

The first two terms account for the oscillating and the 
fast depolarizing parts (10 ^s^ 1 < Ao < 50 /is -1 ) of 
the signal and reflect ordered (oc a mag .i) and more dis- 
ordered (oc a magi o) magnetic regions of the PBCO lay- 
ers, respectively, tp represents the virtually temperature- 
independent initial negative phase of the precession that 
is often observed in antiferromagnetic cuprates.— The 
last term of Eq. ([1]) arises from contributions of muons 
stopping in the non-magnetic layers of the heterostruc- 
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a) SL Pr T = 110 K, E = 6.0 keV 




b) TL T = 100 K, E = 21.6 keV 
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FIG. 3. (Color online) (a)-(d) Zero-field asymmetry spectra 
of the studied thin films listed in Tab. HH at T = 100 K or 
T = 110 K, respectively. The muon implantation energies 
have been chosen to probe mostly the PrBa2Cu30 7 _,5 layers 
of the heterostructures. The solid lines are fits to Eq. {!]). 



tures, within non-magnetic parts of the PBCO, or out- 
side the films in the Ag-coated sample holder. The corre- 
sponding depolarization rates are virtually temperature- 
independent and for all films Ad < 0.3 /is -1 . The total 
asymmetry A has been fixed to a value of 0.275, typical 
for the LE-/iSR spectrometer at high implantation ener- 
gies. The temperature dependences of the so determined 
local field Bzf and depolarization rate At are presented 
in Fig. [4] The overall behavior is similar for all the films. 
However, at intermediate temperatures At is larger by 
about a factor of 3 compared to the powder sample. The 
maxima in At correspond to the antiferromagnetic or- 
dering of the planar Cu moments (Tn.Cu ~ 280 K) and 
the Pr moments (TN,p r ~ 18 K). Also, while the Neel 
temperatures are similar in all studied samples and agree 
well with literature data^2r— the local fields are slightly 
smaller in the PBCO layers within the heterostructures 
than in the powder and single layer. This probably re- 
flects structural differences between the various samples 
which appear most pronounced for BLy/Pr, where the 
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TABLE II. Fractions of muons stopping in PBCO, in the other layers or being backscattered for different zero- field measurements 
on the thin-film heterostructures 



thin film 


sample 
holder 


E (keV) 


( nm ) 


/prBa 2 Cu 3 7 _a (%) 


/other (%) 


/back (%) 


SLp r 


Ag 


6.0 


29 


92.4 


1.2 


6.4 


TL 


Ag 


21.6 


97 


67.5 


31.1 


1.4 


BL Y /p r 


Ag 


23.5 


109 


90.2 


8.8 


1.0 


BLp r / Y 


Ni 


8.0 


38 


96.6 


0.0 


3.4 



• powder 
o powder 
■ SLp, 

a TL 

♦ BLy/Pr 



BL 



Pr/Y 
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lating part of the asymmetry was used for this estimate 
(omag,o =0). In the first two samples the observed fast 
depolarizing signal (a mag! o / 0) is related to disordered 
magnetic regions of the samples and therefore contributes 
to the magnetic volume fraction as well; this may lead to 
an overestimation. 

In summary, the zero-field LE-/iSR experiments show 
that all the 45 nm to 70 nm thick PBCO layers of the 
studied heterostructures display the same antiferromag- 
netic order as in the bulk. At the same time all the 
heterostructures contain smaller regions without static 
magnetic order within the PBCO. While the Neel tem- 
peratures are similar for all specimens the observed local 
magnetic fields are slightly smaller in the heterostruc- 
tures and the depolarization rate is considerably en- 
hanced compared to the powder reference sample reflect- 
ing a more strongly disordered state and possibly small 
structural differences in the films. 



V. SUPERCONDUCTING PROPERTIES - 
TRANSVERSE-FIELD MEASUREMENTS 



FIG. 4. (Color online) Temperature dependence of (a) the 
measured local fields at the muon site and (b) the depolar- 
ization rate of the oscillating part of the signal in the het- 
erostructures (cf. Tab. [II]) as determined by fits of Eq. ([1]) 
to the zero-field LE-/1SR data. For comparison also the data 
for a PBCO powder sample from Ref. [35| are plotted — there 
below Tk.pr ~ 18 K a splitting in two frequencies (open and 
closed symbols) has been observed which cannot be resolved 
in the thin films. 



fields are about 10 % to 20 % smaller. 
The magnetic volume fractions of each of the PBCO lay- 
ers can be estimated by (i) correcting the fractions a magi o 
and a mag) i of Eq. ^ for the part of the muons not stop- 
ping in PBCO and (ii) by taking into account instrumen- 
tal effects, such as the amount of muons backscattered 
from the sample and not contributing to the signal (es- 
pecially at the low implantation energies used to study 
SLp r and BL Pr / Y )- Considering further a total fraction 
of about 15 % of muons hitting the sample plate, we 
obtain the following estimates for the magnetic volume 
fractions within the PBCO layers: 1.0 (SL Pr ), 0.86 (TL), 
0.78 (BLy/pr), an d 0.63 (BL Pr / Y ). For the last two sam- 
ples these numbers are lower limits since only the oscil- 



The superconducting properties of the thin films have 
been investigated by means of transverse-field (TF) LE- 
/iSR experiments: After zero-field cooling the samples a 
small magnetic field up to hqH = 26 mT is applied par- 
allel to the films (H _L c, H _L S^). In this geometry, the 
screening of an external magnetic field within a super- 
conductor in the Meissner state can be observed directly 
by measuring the local magnetic fields as a function of 
the muon implantation depth42ri£ 

In the TF measurements of the heterostructures there are 
three contributions to the LE-/J.SR signals: The muons 
implanted into the AF regions of the PBCO layer probe a 
superposition of the internal and the applied fields. 35 The 
muons stopping in the YBCO layers sense a paramag- 
netic (above T c ) or diamagnetic (below T c ) environment. 
The fraction of muons thermalizing in regions of PBCO 
without static order contributes to this signal as well. Fi- 
nally, a "background signal" arises from muons missing 
the samples and stopping in the Ag-coated sample plate 
where their spins precess at a frequency corresponding 
to the applied field. Since the absolute diamagnetic field 
shift in these thin films is small, the field distributions 
probed by the muons are rather narrow and can be well 
approximated by a Gaussian distribution so that the LE- 
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/iSR asymmetry signal can be analyzed using the follow- 
ing function 



(a) 



A{t) = Anag COS (7 M B mag t + ^mag) exp (-At) 

+ A sc cos (-y^B sc t + ip) exp ( -^cr s 2 c i 2 



(2) 



A hg cos h^B hg t + ip) exp ( - -a bg r 



Here, y'mag and (/? are the initial phases of the respective 
precession signals. They are distinct due to the differ- 
ent axes of precession given by the corresponding local 
fields. The background fraction Ab g as a function of the 
muon implantation energy and the applied field has been 
estimated by independent TF measurements of a Ag foil 
of the same dimensions as the heterostructures mounted 
on a Ni-coated sample holder. Here muons stopping out- 
side the Ag sample in the ferromagnetic Ni depolarize 
quickly whereas the spins of the muons in the Ag precess 
in the applied field. Thus, the muon fraction in Ni can be 
used as estimate for A\> g and this parameter is kept fixed 
during the analysis of the film data. The average local 
field -B mag within the AF regions and the corresponding 
spin-depolarization rate A have been determined at the 
implantation energy where most of the muons thermal- 
ize in the PBCO layers. At the other energies these pa- 
rameters have been fixed to reduce correlations between 
different fit parameters. For an applied field of 25.9 mT 
the energy dependences of the asymmetries A mag and A sc 
are shown in Fig. [5ja). The AF order in the PBCO bar- 
rier as observed in the zero-field experiments is hardly 
disturbed and the magnetic volume fraction of PBCO 
determined from the partial asymmetries in the TF mea- 
surements is found to be ~ 90 % in the films. In Fig.OJb) 
the screened fields B sc as a function of the muon implan- 
tation energy in the TL sample are depicted for various 
applied fields and temperatures of 21 K and 25 K, respec- 
tively. These temperatures are sufficiently below T c of 
the YBCO layers but above TN,p r , where the Pr ordering 
strongly broadens the signal from the PBCO layers. The 
experiment shows unexpected field screening throughout 
the whole heterostructure and the field profile is similar 
to the hyperbolic-cosine field penetration into a homoge- 
neous thin superconducting film. For the TL system in 
the absence of Cooper-pair transport across the PBCO 
barrier one would expect to find only modest screening 
of the applied field in the top and bottom YBCO layers 
[cf. dashed line in Fig. EJb)]. The temperature depen- 
dence of the observed local magnetic fields in the center 
of the trilayer is shown in Fig. [Hla) . Clearly, the screen- 
ing of the applied field in the structure sets in below T c 
of YBCO. Since the applied and the internal fields in 
PBCO [Bzf, cf. Fig. HJa)] are roughly perpendicular to 



each other Bi 



Bi 



-mag - ^zf -r (Mo#) ~ B ZF + 5 SC . Given 
the uncertainty in the determination of -B mag it cannot 
be concluded whether the applied or the diamagnetically 
shifted field contributes to the signal in the AF regions. 
As shown in Fig.^b) for the applied fields of 9.5 mT and 
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FIG. 5. (Color online) (a) Measured partial asymmetries 
A mag and A ac in the TL sample as a function of the muon 
implantation energy E (lower scale) and the mean muon im- 
plantation depth (upper scale) at T = 25 K and in an 
applied field of 25.9 mT. The missing part of the total asym- 
metry of about 0.27 at high and at least 0.20 at the lowest 
energies is mainly contained in the background A^ s . The 
solid lines are guides to the eye. (b) Muon-energy depen- 
dence of the normalized diamagnetically shifted local fields at 
various applied fields at TN,p r < T <C T c . The dashed and the 
dash-dotted lines represent the expected field screening in the 
TL heterostructure in case of a fully insulating barrier and a 
barrier containing shorts in c direction, respectively. These 
curves are obtained using a local London model introduced 
in the text (\J^ co = 210 nm). In both graphs the back- 
ground shading indicates the fraction of the implanted muons 
stopping in the PBCO barrier layer. 



25.9 mT, parallel to the decrease of B sc below T c the cor- 
responding muon-spin-depolarization rate <7 SC increases, 
thus reflecting the broadened field distribution due to the 
partial screening of the applied field. The temperature 
dependence of A reflects — as in the ZF case [Fig. SJb)]— 
the ordering of the Cu moments at Tn,cu ~ 280 K and 
that of the Pr moments at Tn.Pi- ~ 18 K. 
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FIG. 6. (Color online) (a) Temperature dependence of the 
local magnetic fields B sc and B mag measured in an applied 
field of 9.5 mT probing the center of the TL structure using 
a muon implantation energy of 20.6 keV. (b) Depolarization 
rates <r S c and A at the same energy for the highest and lowest 
applied fields as a function of temperature. 
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The diamagnetism observed in the trilayer structure 
indicates that supercurrents can enter and cross the 
PBCO barrier even though a single PBCO layer is overall 
not superconducting. In principle in a TL structure the 
possibility of superconducting shorts connecting the two 
"electrodes" has to be considered [cf. dash-dotted line 
in Fig. EJb)]. In the past such shorts have been found 
to affect results of HTS Josephson devices42 Yet, for the 
barrier layer with the relatively large thickness of 45 nm 
the probability of occurring superconducting filaments is 
rather small. Moreover, a rough estimate shows that even 
if present they would be driven normal by the supercur- 
rents associated with the field screening. To reduce the 
possibility of outgrown shorts we repeated the LE-/xSR 
experiments after etching away the edges (about 0.5 mm 
on each side) of the TL films which are mostly at risk to 
contain superconducting shorts. The very same results 
were obtained — the previously shown data with an ap- 
plied field of 14.6 mT have been taken on the etched films 
[cf. Fig.(SJb)]. However, the most convincing demonstra- 
tion that the effect (Meissner screening in PBCO due to 
the proximity to YBCO) is intrinsic is given by mea- 
surements on the bilayer structures BL Y /p r and BL Pr / Y 
discussed in the following. With only one superconduct- 
ing layer present, the occurrence of microshorts and the 



FIG. 7. (Color online) (a) Normalized screened field as a 
function of the muon implantation energy in BL Y /p r at T = 
25 K for two applied fields of 14.5 mT and 25.9 mT. The 
solid and dashed lines represent fits of the phenomenological 
London model introduced in the text, (b) Energy dependence 
of the partial asymmetries ^l sc and A mag . The lines are guides 
to the eye. The background shading indicates the fraction of 
the implanted muons stopping in the PBCO layer. 



related spurious effects are excluded on principle. 

As shown in Fig. Eta) below T c of YBCO a small but 
sizeable diamagnetic shift of the applied magnetic field 
is observed also in the BLy/p r sample at energies where 
most of the muons probe the PBCO layer. The corre- 
sponding partial asymmetries are presented in Fig. EJb). 
Since at all energies a fraction of muons stops in the 
superconducting YBCO top layer, to detect a possibly 
present diamagnetic signal arising from muons implanted 
in the AF PBCO layer a careful analysis is needed. For 
this, quantitative information on the background signal 
of muons missing the sample is required. This has been 
obtained by two additional measurements: Firstly, at 
T = 300 K > Tn,cu an energy scan has been performed 
to determine accurately the background field for the dif- 
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ferent muon energies. Secondly, as mentioned above, 
measurements of a Ag foil with the same dimensions 
as the thin-film mosaic mounted on a Ni-coated sam- 
ple holder were used to determine the sample and back- 
ground contributions to the total LE-/iSR signal. For 
the analysis of the low-temperature data with Eq. ([2]) 
the background contribution and the values of -B mag and 
A — determined at the highest implantation energy — have 
been fixed. The results in Fig. [TJa) show that at least at 
the low applied field the obtained field profile can only 
be explained by the presence of supercurrents also in the 
PBCO layer. To quantify the superconducting properties 
of the BL Y /p r sample we applied a phenomenological one- 
dimensional London model. To calculate the magnetic 
induction throughout the structure, we model a juxtapo- 
sition of two local superconductors with different effective 
in-plane magnetic- field penetration depths A e ff : 

Bi(z) = di exp {-z/ A e ff, i) + h exp (z/ X e s, i) ■ (3) 



Here i = 1 , 2 and the coefficients di as well as hi 
determined by the boundary conditions: 44 

fli(O) = B 2 (d) =fi H 
B x {d') = B 2 (d') 



dB^z) 



\iff,i" 



dz 



- \ 2 

— A eff,2 



dB 2 (z) 



dz 



are 



(4) 



where z — and z — d denote the vacuum and the 
substrate interface and z = d' is the interface between 
the different layers. An additional non-screening "dead 
layer" with a thickness of 5 nm to 10 nm at the sur- 
face mostly caused by surface-roughness effects has to 
be taken into account. The induction then only decays 
below this dead layer and not from the vacuum inter- 
face. Using the so-defined field penetration into the thin 
film, the calculated muon implantation profiles and the 
fact that only a small part of the muons stopping in the 
PBCO layer contributes to A sc , the data can be analyzed 
using this model for the mean-field values in order to ob- 
tain A e ff,i. Two cases are shown in Fig. [7{a): The solid 
blue line takes into account two finite penetration depths 
Aj ff BCO = 210(20) nm and A™ co = 740(50) nm, the 
dashed grey line allows only the top layer to be supercon- 
ducting with A^f co = 160(20) nm, whereas B = ^ H 
in the non-magnetic regions of the bottom layer. The 
comparison with the data shows that the diamagnetic 
response in an applied field of 14.5 mT can only be con- 
sistently explained by a finite induced superfluid density 
in the PBCO layer. By contrast, in the increased field 
of 25.9 mT the effective screening in the bottom layer 
is negligible and only the region within 5 nm from the 
interface contributes with fields smaller than the applied 
field. For higher implantation depths the measured fields 
even exceed the applied field; this might be due to flux 
expelled from the superconducting part of the sample 
enhancing the induction in the neighboring layer. These 
observations are consistent with the overall findings in 
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FIG. 8. (Color online) (a) Normalized screened field as a func- 
tion of the muon implantation energy in BL Pr / Y at T = 25 K 
for an applied field of 14.4 mT. The solid line represents a 
fit to the phenomenological London model introduced in the 
text yielding AjJ 300 = 315(30) nm and A™ co = 650(50) nm. 
(b) Energy dependence of the partial asymmetries A sc and 
j4ma g . The lines are guides to the eye. The background shad- 
ing indicates the fraction of the implanted muons stopping in 
the PBCO layer. 



the trilayer: There seems to be a substantial proximity 
effect inducing superfluid density in thick and otherwise 
non-superconducting PBCO layers. Also, the suppres- 
sion of this effect in higher magnetic fields is apparent in 
the TL data [Fig. [SJb)]. Employing the phenomenolog- 
ical London model to the TL system yields an effective 
penetration depth for YBCO of the same order of mag- 
nitude as for the bilayer. However, since the top and 
bottom layers dominate the diamagnetic response of the 
TL structure, an accurate determination of the effective 
penetration depth in the barrier is not possible from the 
TL data. 

Finally, TF LE-//SR experiments in the Meissner ge- 
ometry have also been conducted on the BLp r /y bilayer. 
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In this case the antiferromagnetic PBCO layer of the 
structure can be probed at energies where no muons stop 
in the underlying YBa2Cu30y_5 layer, thus eliminating 
any uncertainty which may arise from the stopping pro- 
files. Here, the mosaic of the four films has been mounted 
on a Ni-coated sample plate in order to remove back- 
ground contributions from muons missing the sample, 
and therefore, ^4bg = in Eq. ©; otherwise the anal- 
ysis is performed as described above. The screened fields 
and the asymmetries are shown as a function of the muon 
implantation energy in Fig. [8] for T = 25 K and an ap- 
plied field of 14.4 mT. The energy-independent A sc in the 
PBCO layer indicates the presence of spatially inhomo- 
geneous disordered magnetic areas — for a completely ho- 
mogeneous layer A sc would initially increase as a function 
of the implantation energy qualitatively similar to -A mag 
reflecting the decreasing fraction of backscattered and re- 
flected muons with increasing energy. At E = 8 keV ^4 SC 
is about 10 % of the total asymmetry (and the magnetic 
volume fraction in PBCO is about 90 %, accordingly). 
In the zero-field measurements this fraction could not 
be determined accurately because of the contributions 
of the rapidly depolarizing Ni signal. Due to the rather 
small A sc it is not possible to obtain a precise field pro- 
file -B sc at energies where the muons stop solely in the 
PBCO top layer [Fig. EJa)]. That indeed a screening of 
the applied magnetic field is also effective in this case 
becomes evident from the local fields measured between 
E = 10 keV and E = 15 keV where the implanted muons 
partially penetrate the YBCO layer of the structure. If 
the supercurrents were confined to the bottom layer, the 
fields in that region should be much closer to the applied 
field. Employing the London model to describe the mea- 
sured mean fields for BL Pr / Y yields A^f co = 315(30) nm 
and X^ co = 650(50) nm at T = 25 K. The value 
for PBCO is consistent with the result of the other bi- 
layer, although the larger magnetic penetration depth in 
YBCO might indicate that the BL Pr / Y films are more de- 
fective or oxygen-deficient than the reversed structures. 
Moreover, the induced diamagnetism in the PBCO layer 
can be followed as a function of temperature. Figure [5] 
shows B sc between T = 25 K and T = 100 K for an im- 
plantation energy E = 8 keV, where all muons stop in 
the PBCO top layer. Although small, a systematic dia- 
magnetic shift below about 60 K is observed in this case, 
thus reinforcing the detection of diamagnetism in PBCO 
adjacent to YBCO. 



VI. DISCUSSION 

The observed proximity effect could be related to the 
intrinsic peculiarities of the PBCO electronic structure. 
The valence state of the Pr ions in PBCO is mostly Pr 3+ 
(like Y 3+ in YBCO)4£-il A priori, no reduction of the 
carrier density and no suppression of superconductivity 
in this material would be expected compared to other 
members of the YBCO family of high-temperature 
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FIG. 9. Temperature dependence of the local screened field 
B sc measured at E — 8 keV in the PBCO top layer of the 
BLp r /Y heterostructure. 



superconductors. The most favored model explains 
the insulating behavior of PBCO with a hybridization 
between Pr-4/ and 0-2p w orbitals which leads to an 
effective hole localization and therefore insulating Cu02 
planes while the CuO chains remain metallic locally. 48 
This model has been further extende d 49 i 50 to conclude 
that the relevant level has a finite bandwidth and the 
carrier localization might be the result of disorder. 
Experimentally, the 0-2p w character of the holes has 
been confirmed by X-ray absorption spectroscopy 51 ^ 52 
However, within the model of Ref. small variations in 
the occupation of the 4/ states yield either an insulating 
or a metallic system and therefore, local structural 
changes inducing more metallic regions could explain 
the observed proximity effect. 

Also, there are reports on inhomogeneous supercon- 
ductivity in PBCO which is destroyed by Pr 3+ magnetic 
ions on Ba 2+ lattice siteS ) 53 i 54 bulk superconductiv- 
ity in single crystals grown by the traveling-solvent 
floating-zone technique which have longer c axes 
compared to crystals grown by standard solid-state- 
reaction techniques^ 5 - 5 - and superconducting clusters 
in phase-separated Pr-rich material^ Additionally, it 
has been suggested 5 -^ that PBCO is a novel type of 
superconductor where the mobile carriers reside in the 
Pr-0 bands — and not in the Cu-0 bands as in other 
cuprate high-temperature superconductors. Yet, recent 
band-structure calculations have yielded a metallic and 
possibly superconducting state in PBCO (similar to that 
of YBCO) which is likely to be destroyed by disorder. 58 
Thus, it is possible that the observed non-magnetic 
regions within the PBCO layers might be less disordered 
and therefore generally closer to a local superconducting 
state in which the long-range coherence is enhanced by 
the presence of the superconducting YBCO "electrodes". 
This would also provide a natural explanation for the 
increased interlayer-coupling effects observed in several 
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transport measurements in Josephson junctions and 
superlattices with PBCO barrier layers. 

Yet another possible scenario is motivated by the pre- 
served AF order in the Cu02 planes of the PBCO lay- 
ers. This might indicate that the supercurrent transport 
is governed by tunneling through localized states in the 
CuO chains while most of the Cu02 planes remain insu- 
lating. 

VII. CONCLUSION 

The observation of the Mcissner effect in trilayer and 
bilayer heterostructures demonstrates that superconduc- 
tivity can be induced in PBCO layers by the proximity to 
YBCO layers. The effect occurs in few-dozen-nanometer 
thick PBCO layers which are non-superconductive but 
"semiconducting" if grown as single-layer films. Further- 
more, for low applied magnetic fields an effective pen- 
etration depth of the order of 650 nm to 750 nm at 
T = 25 K can be attributed to the induced superconduct- 



ing state. However, this effect is considerably decreased 
already in an applied magnetic field of about 26 mT. At 
the same time, our results show that the intrinsic AF or- 
dering of the planar Cu spins in about 90 % of the volume 
of the PBCO layers is hardly disturbed by the Cooper- 
pair transport through the material. The observed ef- 
fect might indicate either local structural changes yield- 
ing partially metallic regions within PBCO or enhanced 
tunneling through localized states in the CuO chains. To 
separate the contributions of the possibly involved mech- 
anisms and to gain a better insight in the length scales of 
the effect, it would be desirable to determine the trilayer 
field screening as a function of the barrier thickness. 
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